Thermodynamic speed of sound data are an important basis for the development of Helmholtz energy equations of state because of their thermal and caloric nature. Moreover, they can be measured rapidly and with a high accuracy. Xenon is sampled with the pulse-echo technique to provide the speed of sound data covering a temperature range from 217 K to 500 K with a pressure of up to 100 MPa. The measurement cell's path length is calibrated with water and validated with the reference equation of state by Wagner and Pruβ. At a confidence level of 95% (k = 2), the data have an overall expanded uncertainty of up to 0.17% near the critical point and less than 0.1% in the liquid and supercritical regions. The results are in good agreement with the Helmholtz energy equation of state by Lemmon and Span with a maximum deviation of up to 1.1%. The present data are also used to optimize the parameters of the Lennard-Jones potential and its truncated and shifted form for xenon. This parameterization leads to a convincingly better performance for the speed of sound calculation, but the representation of other properties, like the vaporliquid two phase region, is significantly deteriorated.
Introduction
Xenon is a dense, colorless, odorless and tasteless noble gas that is present at about 90 ppb in earth's atmosphere. [3] . Although it is chemically inert and nontoxic, xenon can form strongly oxidizing agents and highly toxic compounds, like xenon hexafluoroplatinate. Naturally, xenon exists in seven stable isotopes, two 5 long-lived radioactive isotopes and more than 40 unstable isotopes that undergo radioactive decay. [4] . Under ambient conditions, its density (5.761 kg m −3 ) is approximately 4.5 times the density of earth's atmosphere at sea level. In the liquid state, it has a density of up to 3100 kg m −3 with a maximum at the triple point. [5] 10
The current global production of xenon is about 53,000 kg per year and its demand increases steadily. [6] However, the supply is not a big concern because the atmospheric reserves are larger than 2 billion tonnes. [7] Xenon is commercially obtained as a byproduct during the separation of oxygen and nitrogen from air, further purification is carried out by additional fractional distillation. [8] As 15 xenon is a rare gas, it is relatively expensive to extract it from the atmosphere. [9] Because of its distinct nature and non-reactive characteristics, xenon has numerous applications. About 15% of its total production is used as an anesthetic.
In the liquid state, it is an excellent solvent for hydrocarbons, biological compounds and even water. [10] Recently, liquid xenon detectors were used for the 20 search of dark matter. [11] Moreover, it also serves as a fuel in xenon ion repulsion systems (XIPS), which are implemented in satellites and spacecraft. [12] Other applications are in illumination and optics, [13, 14] nuclear magnetic resonance (NMR) spectroscopy [15] and microelectromechanical systems. [16] Because of the expanding demand for xenon in different sectors, accurate 25 thermodynamic data are essential to optimize its supply and use. The speed of sound is an important thermodynamic property to develop highly precise Helmholtz energy equations of state and simulation models. [17, 18, 19] Currently, an insufficient amount of experimental speed of sound data of good accuracy is available for xenon. 30 2 Measurements of the thermodynamic speed of sound of xenon were described in seven publications, details on their number of data points and covered temperature and pressure ranges are provided in Table 1 . However, most data are 40 to 50 years old and most authors measured near the saturation line with a pressure of up to 6.6 MPa [20, 21, 22, 23, 24] , cf. Figure 1 . Pitaevskaya et al. [25] 35 and Vidal et al. [26, 27] have reported the speed of sound data in the supercritical region, but their assessment shows that the data by Pitaevskaya et al. [25] have a maximum deviation of more than 6% from the Helmholtz energy equation of state by Lemmon and Span [2] that is recommended by the National Institute of Standards and Technology (NIST). Vidal et al. [26] have measured nine state 40 points along a single isotherm of 298 K and their data deviate by up to 8% from that equation of state. For the pressure range between 6.6 MPa and 40 MPa, no experimental data were available, cf. Figure 1 .
In the present work, the speed of sound of xenon was measured by implementing a double path length pulse-echo technique for liquid and supercritical 
Materials
For calibration of the apparatus, water was purchased from Merck with a mass fraction purity of 0.999. It was degassed prior to the measurements by 3 It was used as a sample without further treatment, cf. Table 2 .
Apparatus layout 65
A schematic of the speed of sound measurement apparatus employed in the present work is shown in Figure 2 . The preeminent part of this rig was an acoustic cell, fabricated from a stainless steel, type 1.4571. It consisted of four segments, where the acoustic transducer was placed in the center, surrounded by two metallic reflectors at different distances, cf. To measure the speed of sound, a sinusoidal burst signal of eight periods with an amplitude of 10 V was generated to excite the quartz. Consequently, two sound waves propagated trough a sample fluid and, after reflection, were received by the quartz at different time instances, cf. Figure 3 . The speed of sound w was measured as
where ∆L is the path length difference of the two reflectors and ∆t the delay in the time of flight caused by 2∆L. In equation (1), diffraction effects were neglected because the according corrections would amount to less than 0.01% 100 of the measured time difference. [28, 29] 
Path length calibration
The acoustic path length difference ∆L(T 0 , p 0 ) = 9.9815 mm was calibrated reference quality equation of state by Wagner and Pruβ [1] with an uncertainty of 0.005% for the speed of sound at the specified state point. Moreover, at ambient temperature, very accurate speed of sound measurements were reported 110 by several authors, [30, 31, 32, 33] which were used for validation of the present calibration.
The variation of the path length difference due to thermal expansion and pressure compression was considered by [17] 
Therein, ν = 0.3 is the Poisson number of the steel which was provided by its supplier (Thyssen-Krupp Materials International) and α is the integral thermal expansion coefficient of the stainless steel 1.4571 between the temperatures T 0
where
n 3 = 1.5864 · 10 −13 K −4 and n 4 = −6.1342 · 10 −17 K −5 . Since the modulus of elasticity E is temperature dependent too, it was determined with a first order polynomial uncertainty of 0.04% [30] and Al Ghafri et al. [34] with an uncertainty of 0.03%, is presented in Figure 4 . For the correlation approach, a time domain analysis similar to that proposed by Ball and Trusler [28] was followed. Applying this method, two data cuts were made for both echoes from the recorded signal, cf. Figure 5 . The delay in time 140 of flight ∆t was calculated with the correlation
where a is the amplitude of the signal and ∆t x ranging from t 2 − (t 1 + ∆t e ) to (t 2 + ∆t e ) − t 1 , the definition of these time instances can be seen in Figure   5 . The maximum of s indicates the delay in the time of flight between the two echoes.
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The accuracy of the time measurement also depends on quality and resemblance of the two signals, which fluctuate with acoustic impedance and attenuation. For xenon, these effects were significant at low pressures, the second echo became wider than the first one and the maximum amplitude within the echo was reached later in the second echo than in the first. This phenomenon was Xenon was supplied in a gaseous state at the ambient temperature with a pressure of almost 5.3 MPa, which is near its critical region [2] . To fill the fluid into the cell, the pressure vessel was evacuated for about 2 h and cooled down to a temperature of 216 K. Because of the temperature and pressure gradient, 155 xenon was imbibed into the cell and condensed to the saturated liquid state.
After closing the vessel and attaining a constant target temperature and target pressure, the first state point was measured. Subsequently, the fluid was heated in a step-wise manner to a maximum temperature of 500 K and the hand pump was used to regulate the pressure at each step. It was necessary to keep the 160 pressure below 100 MPa so that some quantity of xenon had to be released.
For low pressure measurements, more xenon was discharged at 500 K and the temperature was again step-wise reduced to the target state points, cf. Figure   6 .
Results and discussion
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The speed of sound of xenon was measured at 42 state points and the numerical data with their expanded experimental uncertainties are provided in Table   3 .
Experimental uncertainty
The overall expanded uncertainty of the speed of sound U w at a confidence level of 95% was calculated by considering the standard uncertainty due to temperature u T , pressure u p , path length calibration u ∆L and the uncertainty of time measurement u ∆t for a coverage factor k = 2 
Therein, the partial derivatives of the speed of sound with respect to tem-170 perature and pressure were calculated with the equation of state by Lemmon and Span [2] for xenon, whereas partial derivatives with respect to length and time were obtained from equation (1) . A detailed uncertainty budget for speed Figure 6 :
Step-wise approach to measure the target state points. of sound measurement of xenon at a typical state point, i.e. T = 349.96 K and p = 41.320 MPa, is provided in Table 4 . The largest contribution to the 175 uncertainty budget was due to length calibration, which also includes the reproducibility of the data.
The relative expanded uncertainty for the entire measured range is below 0.1%, except for four data points at low pressures of the isotherms 300 K and 350 K, cf. Figure 7 . The uncertainties are high at these state points because 180 they are approaching the critical point.
The absolute speed of sound of xenon as a function of pressure is presented for different isotherms in Figure 8 supercritical region, it increases more moderately with rising pressure. Figure 8 However, their data deviate by of up to 6.5% from the equation of state and even more from the present experimental results, cf. Figure 9 . 
where ε and σ are the energy and size parameters. The truncated and shifted 225 version of the Lennard-Jones (LJTS) potential
is a common modification that artificially eliminates interactions beyond the cut-off radius r c = 2.5σ. [18] The LJ and LJTS potential model parameters reported by Rutkai et al. [18] and Vrabec et al.[37] along with the respective Helmholtz energy equations of 
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state by Thol et al. [38, 39] were taken to predict the speed of sound of xenon.
Temperature, pressure and speed of sound were transformed into reduced units Span, cf. Figure 10 . Therefore, the parameters ε and σ of these models were optimized to the present speed of sound measurements by a least squares method.
Numerical values of these parameters are listed in Table 5 . The absolute average deviation (AAD) of the potential model was calculated for the present number n = 42 of experimental data points
Relative deviations of the experimental data, equations of state for the LJ [39] and LJTS [38] Span [2] are presented in Figure 10 . Figure 11 . Because these parameters were optimized to speed of sound data only, other thermodynamic properties, like vapor pressure and saturated liquid density, were significantly deteriorated. It becomes clear that these simple po-260 tential functions are insufficient to describe the intermolecular interactions of xenon with a good overall accuracy of the thermodynamic properties. 
Conclusion
Xenon is an inert monatomic noble gas with distinct properties that has numerous applications in medicine and engineering. In the present work, the 
